Freezing and lyophilization are common methods used for preservation and storage of microorganisms during the production of concentrated starter cultures destined for industrial fermentations or product formulations. The compatible solute trehalose has been widely reported to protect bacterial, yeast and animal cells against a variety of environmental stresses, particularly freezing and dehydration. Analysis of the Lactobacillus acidophilus NCFM genome revealed a putative trehalose utilization locus consisting of a transcriptional regulator, treR; a trehalose phosphoenolpyruvate transferase system (PTS) transporter, treB; and a trehalose-6-phosphate hydrolase, treC. The objective of this study was to characterize the tre locus in L. acidophilus and determine whether or not intracellular uptake of trehalose contributes to cryoprotection. Cells subjected to repeated freezing and thawing cycles were monitored for survival in the presence of various concentrations of trehalose. At 20% trehalose a 2-log increase in survival was observed. The trehalose PTS transporter and trehalose hydrolase were disrupted by targeted plasmid insertions. The resulting mutants were unable to grow on trehalose, indicating that both trehalose transport into the cell via a PTS and hydrolysis via a trehalose-6-phosphate hydrolase were necessary for trehalose fermentation. Trehalose uptake was found to be significantly reduced in the transporter mutant but unaffected in the hydrolase mutant. Additionally, the cryoprotective effect of trehalose was reduced in these mutants, suggesting that intracellular transport and hydrolysis contribute significantly to cryoprotection.
Freezing and freeze-drying are methods commonly used for preservation and storage of microorganisms and for production of concentrated starter cultures used in industrial fermentations. The sensitivity of microorganisms to cryogenic stress results in significant cell injury and death, ultimately reducing productivity or activity. The mechanisms by which freezing causes cell damage include efflux of water from the cell, resulting in precipitation of cytoplasmic solutes and components (25) , mechanical stress to cellular components, and rupture of cell membranes due to ice crystal formation (26, 36, 37) . Cryoprotectants are protective compounds added to cell suspensions, prior to low-temperature exposure, to reduce these deleterious effects.
Trehalose (␣-D-glucopyranosyl-␣-D-glycopyranoside) is a disaccharide found naturally in a variety of organisms including both prokaryotes and eukaryotes (3) . Trehalose has been shown to act in a number of important physiological roles including serving as a primary carbon source, and as a compatible solute accumulated in response to heat shock (4) and osmotic stress (11) . Trehalose is an effective cryoprotectant that has been demonstrated to protect different cell types from freezing and desiccation, including bacteria (23) , yeasts (10) , and human cells (14, 27) . Trehalose is thought to confer cryoprotection by mimicking the hydrogen-bonding properties of water (32) and preventing the formation of large crystals and reducing or delaying the onset of a phase shift of the plasma membrane from a liquid-crystal state to a gel state (9, 30) . As a result, trehalose promotes stress tolerance, in particular conferring cryoprotection to cells upon freezing. Despite widespread interest in cryoprotection, there is limited information available regarding the molecular mechanisms responsible for cryoprotection by the compatible solute trehalose.
The lactic acid bacteria are important organisms widely used as starter cultures in the food and dairy industries. One particular class of lactic acid bacteria, probiotics, are microbes used as health-promoting functional food ingredients thought to have a beneficial effect on health via interactions in the gastrointestinal tract. One such organism, Lactobacillus acidophilus, has been shown to benefit from cryoprotection by trehalose (8) . The genome sequence of L. acidophilus NCFM was recently determined (1) . The genome sequence provided insights as to its probiotic functionalities and revealed a region that was implicated in the potential utilization of trehalose.
This study investigated the genetic and biochemical basis for cryoprotection by trehalose in L. acidophilus NCFM. The tre locus was characterized in detail and the involvement of the trehalose phosphoenolpyruvate transferase system (PTS) transporter and hydrolase in cryoprotection was investigated.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . L. acidophilus strains were propagated statically at 37°C in MRS broth (Difco, Detroit, MI), or on MRS supplemented with 1.5% agar (Difco). For growth and cryoprotection studies, lactobacilli were grown in a semisynthetic medium (SSM) described previously (7) . The carbohydrates added to the SSM included glucose (Fisher, Fair Lawn, NJ), fructose (Sigma, St. Louis, MO), sucrose (Sigma), and trehalose (Sigma).
When appropriate, chloramphenicol (Fisher) and/or erythromycin (Sigma) was added at a concentration of 5 g/ml.
Escherichia coli cells were propagated at 37°C in Luria-Bertani (LB) broth (Difco) with shaking or on 1.5% LB agar plates. When appropriate, kanamycin (Sigma) was added at a concentration of 40 g/ml and erythromycin was added at a concentration of 150 g/ml. E. coli transformants were selected on brain heart infusion agar (Difco) supplemented with 150 g/ml erythromycin and maintained afterwards in LB broth supplemented with 150 g/ml erythromycin.
Comparative genomics. Several microbial gene clusters containing EC 3.2.1.93 orthologs were selected from public databases with the gene clusters aligned and centered on EC 3.2.1.93.
DNA isolation, manipulations, and transformations. L. acidophilus genomic DNA was isolated according to the method of Walker and Klaenhammer (39) . E. coli plasmid DNA was isolated using the QIAprep Spin Miniprep (QIAGEN Inc., Valencia, CA) kit.
All DNA manipulations were performed according to standard procedures. Restriction enzymes, T4 ligase, and Taq DNA polymerase were purchased from Roche Molecular Biochemicals (Indianapolis, IN). DNA fragments were purified from agarose gels using the GeneClean kit (Qbiogene Inc, Carlsbad, CA). All PCRs were performed according to standard procedures using Taq polymerase. PCR primers were synthesized by IDT (Coralville, IA) with restriction sites designed at the 5Ј end of the primers to facilitate cloning. PCR products were purified using the QIAquick PCR purification kit (QIAGEN).
Chemically competent E. coli EC1000 cells were prepared using the Z-competent E. coli transformation buffer set (Zymo Research, Orange, CA). Electrocompetent L. acidophilus NCFM cells were prepared using 3.5ϫ sucrose MgCl electroporation buffer as described by Luchansky et al. (24) . Electrotransformation was performed using a Gene-Pulser (Bio-Rad, Hercules, CA).
Survival analysis. An 18-hour culture of L. acidophilus was inoculated at 1% (vol/vol) into 10 ml of SSM with 1% fructose and grown to an optical density at 600 nm (OD 600 ) of 0.5 to 0.6, corresponding to the mid-exponential growth phase. Cells were harvested by centrifugation (3,220 ϫ g, 15 min, 4°C) and resuspended in various concentrations of trehalose (0 to 30%, wt/vol) in Butterfield's buffer yielding a fourfold concentration of cells. The cells were incubated at 37°C for 1 hour, and subsequently subjected to repeated cycles of freezing at Ϫ70°C in a dry ice and ethanol bath for 5 min and thawing at 20°C in a water bath for 10 min. Cell survival was monitored by CFU enumerations plated on MRS agar with a Whitley automatic spiral plater (Don Whitley Scientific Limited, West Yorkshire, England) and counted using a ProtoCOL colony counter (Synbiosis, Frederick, MD).
Gene inactivations. The inactivation of treB and treC was carried out by targeted insertion of an erythromycin resistance cassette via homologous recombination according to the method of Russell and Klaenhammer (31) . Internal fragments for each gene targeted for inactivation were amplified by PCR using L. acidophilus NCFM chromosomal DNA as the template. The primers were designed using Clone Manager 7 (Scientific and Educational Software, Cary, NC) with restriction enzyme sites to facilitate cloning and are listed in Table 2 .
Plasmids pTRK801 and pTRK836 were created by ligating these products into pORI28 using the BamHI and EcoRI sites and transformed into E. coli EC1000. Clones containing pTRK801 and pTRK836 were identified as E. coli NCK1623 and E. coli NCK1725, respectively. Plasmids pTRK801 and pTRK836 were propagated in E. coli and transformed by electroporation into L. acidophilus NCK1392, harboring the temperature-sensitive helper plasmid pTRK669. Selection for clones harboring an insertion of pTRK801 and pTRK836 into the chromosome was performed at 43°C, a temperature nonpermissive to the pORI28 replicon and under selection by erythromycin.
Southern hybridization. Southern hybridization of genomic DNA was performed according to standard protocols (5). EcoRI-digested chromosomal DNA was blotted onto a MagnaGraph nylon membrane (Osmonics, Inc., Westborough, MA) and probed using the treB and treC internal fragments labeled with [␣-32 P]ATP using the Strip-EZ DNA kit (Ambion, Inc., Austin, TX). Trehalose uptake. Cultures of L. acidophilus were grown to OD 600 of 0.5 to 0.6 in SSM plus 1% fructose and harvested by centrifugation (3,220 ϫ g, 15 min, 4°C). Pellets were washed three times with 50 mM potassium phosphate buffer containing 5 mM MgCl 2 (pH 6.5) and resuspended in the same buffer yielding a fourfold concentration in cells. Cells were incubated for 1 h at 37°C and transport assays were started by the addition of [
14 C]trehalose (0.600 mCi/mmol) (American Radiolabeled Chemicals, Inc., St. Louis, MO) to cell suspensions to give a final trehalose concentration of 150 M. After a 1-h incubation at 37°C, cells were centrifuged through silicon oil (12,000 ϫ g, 15 min) (17) . The radioactivity 
on September 9, 2017 by guest http://aem.asm.org/ in the supernatant and in the cell pellets was determined using a Beckman LS 3801 liquid scintillation counter (Beckman Instruments, Fullerton, CA). Nucleotide sequence accession number. The DNA sequences discussed are included in the complete genome sequence of L. acidophilus submitted to GenBank and assigned accession number CP000033 (1).
RESULTS
Trehalose cryoprotection of L. acidophilus. When subjected to successive cycles of freezing and thawing, L. acidophilus cells frozen in various concentrations of trehalose had significantly higher survival rates than cells frozen in Butterfield's buffer alone (Fig. 1) . Over the course of 12 successive freezethaw cycles, cells frozen in buffer alone experienced a 99% reduction in CFU. In contrast, cells frozen in the presence of trehalose displayed increased survival rates with increasing amounts of trehalose, ranging from 2.5 to 30%. The increase in survival was incremental over the range of 2.5 to 20% trehalose. However, addition of trehalose beyond 20% did not significantly improve survival further. Cells frozen in 20 and 30% trehalose displayed survival rates of greater than 94% after 12 cycles of freezing and thawing.
Analysis of the tre locus. Analysis of the L. acidophilus NCFM genome sequence revealed the presence of a tre locus (1) encoding three putative open reading frames, La1012, La1013, and La1014 ( Fig. 2A) . Because the encoded proteins were homologous to those present in E. coli (15, 22, 29) , a similar nomenclature was used. Analysis of the predicted open reading frames (ORFs) suggested the presence of the following: a trehalose-specific EIIABC (EII tre ) of the phosphoenolpyruvate transferase system family of transporters EC 2.7.1.69, treB (La1012); a transcriptional repressor from the GntR family, treR (La1013); and a trehalose-6-phosphate hydrolase, EC 3.2.1.93, treC (La1014).
The transcriptional regulator contained two distinct domains: an N-terminal helix-turn-helix containing the DNA binding domain of the GntR family (PFam 00392) and a UTRA ligand-binding domain (PFam 07702) at the C terminus. The transcriptional regulator was found to share 47% identity with a previously described repressor of the trehalose operon in Bacillus subtilis (35) . The transcriptional regulator was also found to have high homology to the transcriptional regulators in tre loci from Lactobacillus johnsonii (28) and Lactobacillus plantarum (21) . The putative trehalose transporter was found to consist of components typical of PTS transporters, namely the EIIA (PFam 00358), EIIB (PFam 00367), and EIIC (PFam 00367) domains. The putative trehalose hydrolase was found to contain an alpha-amylase catalytic domain (Pfam 00128) from family 13 of the glycosylhydrolases at the N terminus and to share 47% identity with a trehalose-6-phosphate hydrolase described previously in B. subtilis (34) . Analysis of the treB-treR intergenic region revealed the presence of putative promoter elements for both parts of the divergent operon, namely treB and treRC. Putative ShineDalgarno sequences were identified 12 bp upstream of treB (5ЈAGGAGA3Ј) and 13 bp upstream of treR (5ЈAGGAAA3Ј). Analysis of the intergenic region also revealed the presence of two cre-like sequences: cre1 (5ЈTGAAAACGCTTTAT3Ј) and cre2 (5ЈTGTGATCGCTTTCA3Ј) (7). Additionally two putative binding sites for TreR were also identified, treR1 (5ЈTTG TATATACAA3Ј) and treR2 (5ЈATGTATAGACAA3Ј) (7, 35) . Dyad symmetry analysis using Clone Manager suggested the presence of two stem loop structures that could act as rho-independent transcriptional terminators: one 24 bp downstream of treB with a free energy of Ϫ17.8 kcal mol Ϫ1 , and the other 124 bp downstream of treC with a free energy of Ϫ16.3 kcal mol Ϫ1 (Fig. 2B) . Comparative genomic analysis of the tre clusters from the selected genomes shows consistent cooccurrence of genes (Fig.   FIG. 1 . Dose response to trehalose cryoprotection in L. acidophilus NCFM. Cells were grown to an OD 600 of 0.5 to 0.6 in SSM plus 1% fructose. Cells were harvested by centrifugation and resuspended in various concentrations of trehalose in Butterfield's buffer and subjected to repeated freeze-thaw cycles (Ϫ70°C, 5 min; 20°C, 10 min). 
6).
Insertion into treB and treC. Insertional inactivation of treB and treC was performed and confirmed by Southern hybridization (Fig. 4) and PCR (data not shown). The treB probe hybridized to an EcoRI fragment of 15.7 kb in the wild-type L. acidophilus NCFM. In contrast, in the mutant strain L. acidophilus TreB Ϫ (NCK1624), this band was replaced by two junction fragments of 12.9 kb and 5.1 kb, indicating the integration of pTRK801 in treB. Similarly, the treC probe hybridized to an 8.5-kb EcoRV fragment in the wild type, whereas in the treC mutant (NCK1725), this band was replaced by two junction fragments of 6.5 and 5.3 kb. Also, an additional 2.4-kb band was observed in both knockouts, indicating amplification of the plasmid within the targeted loci of each mutant.
The tre mutants were evaluated for their ability to grow on various carbohydrates (Fig. 5A, B and C) . Although the mutants retained the ability to grow on fructose, glucose and sucrose, their ability to grow on trehalose was completely abolished. Additionally, the inability of the mutants to grow on trehalose compared to other insertional mutants, namely lac (␤-galactosidase) and msmE (FOS ABC transporter) mutants, indicated that inactivation of either TreB and TreC is responsible for the loss of the ability to ferment trehalose (Fig. 4C) . The other mutants retained the ability to grow on trehalose, reaching a final OD 600 similar to that of the wild type. A period of lag was observed in the growth of the lacL and msmE mutants compared to the wild type when grown on trehalose (Fig. 5) . This lag was attributed to the presence of antibiotic to the medium in order to maintain the insertion within those respective loci. Inactivation of either the trehalose transporter or the hydrolase resulted in the inability to grow on trehalose.
The transport of [ 14 C]trehalose was measured to determine the ability of the L. acidophilus NCFM mutants to internalize trehalose (Fig. 6) With the treB and treC mutants we were able to investigate whether intracellular trehalose contributed to cryoprotection of L. acidophilus (Fig. 7) . In particular, with the treB mutant, trehalose transport was significantly lowered. Presumably, with the treC mutant intracellular hydrolysis of trehalose would be halted. Because survival of the wild-type parent was optimized in 20% trehalose (Fig. 1) , survival of the tre mutants was evaluated at this concentration. The results showed that the survival was 74, 82, and 89% for msmE , NCFM, and lacL, respectively, after 12 freeze-thaw cycles. In contrast, survival of the treB mutant was greatly reduced at 11%. Surprisingly, survival of the treC mutant was also greatly reduced at 9%. Therefore, these data indicate that the cryoprotective effect results primarily from internalization and the subsequent hydrolysis of trehalose. Additionally, we observed a 2-log reduction in CFU/ml after 12 cycles in the wild-type strain in the absence of trehalose. However, only a 1-log reduction in CFU/ml was observed for the treB mutant in the presence of 20% trehalose. These data indicate extracellular trehalose also contributes to cryoprotection. However, the protective effects of external trehalose were less than the protection provided when trehalose was also transported into the cell.
We were concerned that carbohydrate exhaustion in the L. acidophilus tre mutants might contribute to cell death during freeze-thaw cycling. The survival of the lacL, treB, and treC knockout mutants after freeze-thaw cycling in 20% trehalose was compared in the presence and absence of 1% fructose ( Table 3) . The results showed only a marginal change in survival when fructose was present. Therefore it is unlikely that carbohydrate exhaustion in the trehalose mutants contributed significantly to cell death.
DISCUSSION
Trehalose is widely used by microorganisms as a compatible solute for the regulation of osmotic pressure. For example, E. coli has been shown to synthesize trehalose de novo in response to osmotic stress (11) . Although this enzymatic machinery is not encoded within the L. acidophilus NCFM genome (1) L. acidophilus NCFM has the ability to utilize trehalose as a primary carbohydrate source using a PTS transporter and carbohydrate hydrolase encoded within the genome. In E. coli and B. subtilis, trehalose has been shown to be transported by a PTS, which translocates and phosphorylates trehalose via a specific EIICB Tre and the EIIA Glc of the glucose-PTS releasing trehalose-6-phosphate into the cell (22, 34) . The resulting trehalose-6-phosphate is then subsequently hydrolyzed into glucose and glucose-6-phosphate by a trehalose-6-phosphate hydrolase (EC 3.2.1.93); these products can be used as substrates for glycolysis (13, 29) . Alternatively, in the hyperthermophilic archaeon Thermococcus litoralis and the gram-positive soil bacterium Streptomyces reticuli, trehalose transport has been shown to occur via an ATP-binding cassette (ABC) transporter (16, 33) .
The presence of the trehalose PTS and trehalose-6-phosphate hydrolase in the genome of L. acidophilus NCFM suggested that trehalose is transported and metabolized in a manner similar to that of E. coli and B. subtilis. However, in L. acidophilus NCFM, trehalose appears to be transported by an EIIABC Tre rather than by EIICB Tre and EIIA Glc . Based on genomic content, all of the trehalose-fermenting lactic acid bacteria available in the public database appear to utilize trehalose in a similar manner. In contrast, while L. lactis internalizes trehalose via a PTS as trehalose-6-phosphate, it is hydrolyzed by trehalose phosphate phosphorylase (EC 2.4.1.216) into glucose-6-phosphate and glucose-1-phosphate (2). Glucose-1-phosphate is isomerized to glucose-6-phosphate by ␤-phosphoglucomutase (EC 5.4.2.6) (2).
The transcriptional regulator encoded in the tre locus of L. acidophilus NCFM shares strong identity with a repressor of the trehalose operon in B. subtilis, suggesting that the regulator represses transcription by binding to the promoter-operator region of the tre locus, likely at the putative TreR binding sites. Additionally, identification of catabolite responsive elementlike sequences within the promoter-operator region suggests that transcription from the operon is also likely under control of carbon catabolite repression (7). Compared to the wild type, the ability of the organism to grow on trehalose was abolished when the PTS transporter was inactivated. However, the ability of the mutant to grow on other carbohydrates was unaffected. The ability of the transporter mutant to accumulate trehalose was also significantly diminished when compared to the other mutants. The inability of the treB knockout to grow on trehalose and its inability to accumulate trehalose confirm the involvement of this locus in trehalose metabolism and suggest the EII Tre of the PTS is the sole path of trehalose transport. Additionally, the ability of the organism to grow on trehalose was also abolished when the trehalose-6-phosphate hydrolase is inactivated. This indicates that TreC provides the only means for trehalose hydrolysis encoded in the L. acidophilus genome.
Previous work studying cryoprotection in L. acidophilus found the organism to be robust to freezing and found trehalose contributed to the survival and long-term stability of the organism after freeze-drying (8) . In the current study, subjecting cells to repeated cycles of freezing and thawing provided a reproducible system to quickly study cryoprotection by trehalose and investigate the genetic and biochemical basis for utilization of trehalose in L. acidophilus.
The survival of L. acidophilus NCFM increased concomitantly with increasing concentration of trehalose in a dosedependent manner with survival appearing to be optimal in 20% trehalose (Fig. 1) . The mechanism by which trehalose confers cryoprotection is unknown. Specifically, our objective was to determine whether internalization of trehalose was important to confer cryoprotection. Inactivation of the trehalose PTS transporter significantly reduced the ability of the organism to survive freeze and thaw stress compared to that of the wild-type strain and other mutants. These results strongly suggest that the PTS transporter is needed for trehalose to confer cryoprotection via internalization. Moreover, extracellular trehalose also contributes to cryoprotection, likely by stabilizing the cellular membrane (36, 37) .
Previously Leslie et al. (23) showed that trehalose can gain access to the cytoplasm and that trehalose did confer cryoprotection. While the implications are clear, this work did not definitively show that trehalose must be internalized to confer cryoprotection. Additionally, Leslie et al. (23) stated that it is unlikely that an organism could actively transport enough trehalose for it to be an effective cryoprotectant, and that accumulation of trehalose is likely due to the membrane becoming leaky during freezing and drying. By disruption of the trehalose transporter, we were able to definitively show that trehalose must be internalized to confer cryoprotection and that trehalose can be actively transported in sufficient concentration to be effective. This is the first study in prokaryotes to show that internalization of trehalose plays an important role in cryoprotection.
Lactic acid bacteria have been shown to accumulate compatible solutes in response to osmotic stress (12) . In particular, accumulation of the compatible solute betaine in response to salt stress has been shown to enhance survivability of several Lactobacillus species to drying (18) . Additionally, the adaptive response of L. acidophilus after exposure to sublethal levels of osmotic stress has been shown to confer increased resistance or cross-protection to other stresses such as heat and bile (20) . Preconditioning L. acidophilus using osmotic stress may increase compatible solute accumulation and promote further cryoprotection to the organism. Similar genetic organization of tre loci in other lactic acid bacteria suggests that these organisms may also likely utilize trehalose in a similar manner.
Alternatively, work in Saccharomyces cerevisiae has shown that when the activity of the trehalose-hydrolyzing enzyme acid trehalase is disrupted, intracellular trehalose concentrations increase and the ability of the organism to survive dehydration and freezing is increased (19, 20) . In contrast, in L. acidophilus, when the trehalose hydrolase was inactivated, but trehalose continued to be transported, cryoprotection is lost. This surprising result suggests that while trehalose may be able to confer cryoprotection through its action as a compatible solute, the hydrolytic products of trehalose may also contribute significantly to this process. Hibernating frogs have been shown to synthesize and accumulate low-molecular-weight carbohydrates in response to ice formation in peripheral tissues. In particular, Rana sylvatica and Hyla crucifer have been shown to accumulate glucose, while Hyla versicolor has been shown to use glycerol as a cryoprotectant (38) . While this has not been shown in bacteria, it may be possible that the products of trehalose-6-phosphate hydrolysis, glucose and glucose-6-phosphate, may act as cryoprotectants in a similar manner. It is more likely that the accumulation of the glycolytic intermediates glyceraldehyde-3-phosphate and dihydroxyacetone phosphate may act in a manner similar to that of glycerol, which is commonly used as a cryoprotectant.
Based on these observations, we propose that the tre locus of L. acidophilus NCFM encodes a PTS transporter and a hydrolase involved in the transport and catabolism of trehalose. Disruption of both the trehalose transporter and hydrolase abolished the ability of L. acidophilus NCFM to grow on trehalose and reduced the survival of L. acidophilus NCFM when subjected to repeated cycles of freezing and thawing in the presence of trehalose. This indicates not only that the internalization of trehalose is important but that its subsequent hydrolysis also contributes. Extracellular trehalose also provided limited cryoprotection possibly by stabilizing the external membrane. A mechanistic understanding of how L. acidophilus can better survive exposure to freezing or freeze-drying is expected to enhance the production, distribution, and long-term storage of viable and active probiotic cultures. 
